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1.0 IJITEOPTOIOT? 

1.1 It ifi of vital concern to aviation interests to be able to make pre- 
dictions of gas turbine performance with due regard to the effects of geo- 
metric scale and/or changes in altitude, vhich are directly related to 
Hoynolds^ Ktuaber, Due to the large quantities of air involved in the gas 
turbine cycle in actual practice, it is extresiely expensive to construct 
wind tunnels, or other such test facilities, for the calibration or testing 
of such power units at varying Reynolds* Kuwber, As a stop-gap measure, it 
hac been the practice of designers to estimate perforraanco of proposed engines 
on the basis of geoiuetrio and dynamic similarity to smaller or similar 
existing engines. Altitude pcrformnnco hcs been predicted from soa level 
tests on actual engines in terms of dynamic similarity in speeds, tei?Tpera- 
ture and pressure levels, etc. These predictions generally have disregarded 
the possibility that component efficiencies may vary for the condition* of 
euch extrsspolatioa*. Cascade tests have provided a two-dimensional basic 

for correcting for Induced aerodynamic losses, with fairly well substan- 
tiated einplrical correction factors to three-diiaensional conditions, (ref. 
(a)). However, airfoil profile losses, which are Biore directly related 
to Hoynolds* ]^\jmber, have not been so accurately determinable, especially 
over the possible range of operation at altitude, 

1.2 Tho Gn« Turbine Laboratory at HIT has in Its possession a email scale 

turbo-jet engine aanufectured by Westinghouse iHlectric Corp,, namely the 
Model (X9.5^), This engine provides a single-ttage turbine with a 

blade-tip dlam, of fiJ.l in, and a root diam, of 5-^ varlable- 

donslty vflnd tunnel at the above activity provides a test facility in 
which the uorformance of such a turbine coxild be studied in detail, over 
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a range of Heynolfls’ ITwabor* frona 253f5QO to 25#.350 l>aj5ed on blade chord 
and turbine Inlet conditions. («oe Appendix U). !Thi8 would extend the 
rang© of investigation reported in ref, (a) by approximately 25 per cent 
on the upper limit and 33 P®** cent on the lower lirait of that of ref, (a). 
It io the purpose of this project to 'provide a design for the required test 
installation and associated equloaeat so that the above facilities may be 
used in the Investigation of the effect of Reynolds* Huaber variation on 
turbine performance. 

2.0 SlTifKARY 

2.1 figures 3 ^6 show the general details of the resulting design. 

?h© nocessary assembly and detail drawings for existing Vogtlnghouse 
parts are available in the 0s» ITurbin© Library and are described in 
rof. (h). It will be seen that provisions have been made for a hori- 
zontal installation in the low speed branch of the variable density 
wind tmmcl on the second floor of the Gas Turbine Laboratory, MIT, The 
turbine ^leel has been located as close as possible to ea elbow adapter 
in the tunnel so that the uower take-off could be taken through the elbow. 
This results In a condition whereby the air stream is delivered to the 
turbine vory shortly after the turn throu^ the elbow, but any other in- 
stallation which would provide an external location for the dynaaomoter 
would necossltate excessively long extension shafts, which wo>ild be un- 
acceptable from dynaroic considerations. However, due to the r&ther se- 
vere acceleration and diffusion In the airstreaa through tho compressor 
diffusor which was used to facilitate mounting. It is belioved that flow 
at entrance to the turbine nozzles will be sufficiently uniform, in both 
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direction and degree of tnrljuloGce, as to he ropresentctire of ectnal ^hot" 
running conditions at the tnrbine. 

2.2 The installation shown will p«r;alt safe operation of the turbine at 

speeds from zero to aoMOvhat in excess of 1S200 rpn, (see i^pcndlx A for 
sheft extension djrnaailos). Tho latter speed corresponds by dyna«ic simi- 
larity to an actual (^hot**) ninnlng speed of Tpm, (see Appendix 15). 

Isiaximu® desired running speed is 18,220 rrm, Static inlet pressure as de- 
liYored by the tunnel is controllable froa 22.4 psia to 2.24 p®la with mas® 
flow of 7*005 to .7005 lbs. /sec., permitting uower variation in the ratio 
1C to 1 at any turbine speed. Total temperature at tunnel coniprcssor out- 
let Is controllable from SO^ to 100*^ 2*., corresponding to a static tem- 
perature range of from 73^ 93^ turbine inlet. The possible 

range of inveetlgation will be froa a Reynolds* dumber of 25, 35^ ^0 253 »5^* 

2.3 Assocbly directions for the test installation will be found in Section® 
5.0 to 5*^ Incluelre. Detailed operating instructions have been based on 
the various consideration® of the proposed design, end on safety. They 
will be found In Sections 6,0 to 6.34 inclusive. It Is to be noted espe- 
cially that operation at speeds over 18200 rpm. will most probably be eafe, 
since that represents the critical speed for the new turbine shaft exten- 
sion, assunittg zero fixity at the ends. The assumption is considered to 

be very conservative. All appendices have been prepared for a top speed 
of 20,000 rpm. , at which it is recommended that the safety governor men- 
tioned in Section 3*5 bo set, thereby providing a margin of 1,780 rpgj. 
over maximum desired operating speed, for adlustaent purposes during 
running. 
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3.1 In providln,^ a facllitv for aca'juroneot of -^erforiA'^-nca of the tur- 
bine of the ^.^>3 Turbo-Jet on^|iny, the firot sod ao**t obvious need 

was for a device cmoablo of absorbing end 'neasurin^^; an outuut of 2^0 hp. 
at 20,000 rrn. (cee A"ue'itllx 1*), with ■'Ossible variation In outuut in 
the ratio of lO/l at nny given speed, '^uch devices are not presently 
ftvcilablo at MIT, nor are they procurable corner dally except, probably, 
on a dovclopnontal basis. Therefore it becane necessary to des?5.gn ouch 
a dyns>?ioneter locally. Sovoral basic tec'*nl-rues wore oonsidored, all 
of which would 3, end tlie^aselves to direct coupling with the turbine (a 
very desirable and necessary feature), and ars presented in tJio follow- 
ing ptira^Trauhs: 

3«li A plain disc running subaerged in water, to absorb tho renuired 
rover through skin friction and circulation effects. The variation 
in power absorption could be controlled by "water level" (a:nount of 
water) on the disc, since any water in the disc chaiaber will be thrown 
as far out on the disc as possible by centrifugal effects. This tech- 
nique was discarded when it was nhown (Appendix f) that, althougii tho 
maxlaurn power could ecslly bo absorbed by ono submerged disc of small 
O.D. , there would very likely be instability in operation at low power 
input at high speeds. The location of the lamer radius of the water was 
very critical under such conditions. (Power varies approximately with 
fifth power of radius, third power of speed). 

3.12 The above led to consideration of the noosibility of using a 
simple cylinder rotating about a vertical axis- in water of variable 
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depth. Power ahsorption would vary linearly with the suhiaerged Isn^gth 
of the cylinder (Auuendlx t»^). However. Appendix ^ ehows that a shaft 
of excessive length would be required if any degree of stability were 
to bo achieved at low power settings. Its vibr^tiou characteristics 
would urobably be unacceptable, as seen from the analysis for the tur- 
bine shaft extension (Appendix A), Furthenaore, a prossxire-tight en- 
closing cylinder would be required to prevent the water from being thrown 
away uncontrollably in excess of that SMo\mt required for cooling, 'fhis 
would probably result in a violent circulation In the container, with 
possible instability, not readily analysed mathomatically, For these 
reasons, the technique was considered to be not usable, and was dis- 
carded. 

3.13 Power absorption by ’jumping water thro’ogh a csntrifvigal 

wator wheel, Since the water leaving the wheel would be thrown away 
or used for reclrciilation, input woxild probably be Biensured most 
easily by some sort of torque-meter on the connecting simft. l^ater 
would be Introduced into the wheel axially as near the axis os 
nossible, and its momentum would bo chftnged by producing tangential 
velocity at the rln. Apuendlx H shows that for reasonable flows, 
tangential velocities would be such as to cause unacceptable erosive 
action on any enclosing casing with which it Bight com© in contact. 

A visit to the Oas Turbine Division of ’^'estinghouso at their South 
rhlladelphia 'torks revealed that that company had conducted tests to 
determine the severity of such erosion. They directed © of water 
normal to a l/l 6 -ln. thick stainless steel plate mounted on a wheel 
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which T>roduceA a rolatirc Tclocity of 1000 ft ./sec. The plate was serereA 
within a period of five seconds. Altho\v?h it is considorod posrthle that 
other materials could he found which would show better durability in this 
desired application. It would he optimistic to helieve that one cotdd ho 
found which would have acceptahle cervlce life. Therefore this teclmique 
was discarded. 

3 . 1 ’"* A doTlco which has shown rery satisfactory results locally as 

a power absorption deyice i» the Sddy Currant Brake. This dewlce con- 
sists of a isctal disc rotating in electrically Induced magnetic fields. 

The host produced In the Plate by the eddy current genero.tlon le carried 
away hy water jets, usually directed through the cores of the elect ro- 
Eiagnotlc colls. Hef. (h) gives the operating characteristics for such 
brakes with wheels of magnetic Tnntcrlale. Hare desirable high-speed 
characteristics are obtained when non-magnet Ic materials arc used In 
the wheels. Although there has been no local experience with such brakes 
at the desired top operating speed. Prof. A. R. Rogowskl of the i’echanl- 
cel iCngineerlng provided an extrapolation of some of his test result® on 
brakes of several steels at speeds txp to 10,000 rpra. This extrapolation 
predicted th® following design provislone for the subject problem: 



hat ©rial 


Disc Size (Riam.) No. 


Coil Pair* 


Amp-turns/coll pair 


12-S Btalnlcss Steel 


IS” 


h 


lU.ooo 


lf?-S Stainless Steel 


lU” 


5 


lU.OOO 


Steel (Boiler Plate) 


ihn 


S.H 


lU.ocn 



However, It Is shown in Appendix F that the necossaiy flow of water re- 
quired for normal cooling in a water brake was 12.71 gal./® In.. In the 
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Kddy Current Brake It Is bolioTed that the transaiecion of heat to the 
cooling vater would be considerably loss effective than in the sisaple 
water brake, resulting in a much higher flow requirement • ^lis water 
would be subjected to considerable centrifugal puK^lng on tho braize 
wheel surface, nt radii of not less than making for considerable 

unseaaurable losses. 1^.lrthe^, v/iadage losses alone on a wheal of such 
sizo would not be acceptable if not iaea9\irable. ?iieso problems could 
probably be obviated If power input were to determined by torque 
uieasurements in the shaft, but such uea,Rure?aeats are of questionable 
accuracy. Further, there would be the above-mentioned erosion problem 
of collecting water moving at hl^i velocities. 5?hls technique wag 
shelved therefore, In favor of one which shoved more promise, disc’assed 
below. 

3.15 Burlng the above-ment ioaod visit to h'estinghouso. It was 

learned that that organisation has been uslnij successfully a Froude- 
type water brake for applications similar to ours. 'This device is in 
efi^ect a lOO'^slip Jiydraulic clutch, with power absorption controllable 
by varying the amount of 'imter in the casing, cooling to be provided by 
continuous replacement. Fig. 1 provides typical performance character- 
istics obtained by ^Meetinghouse. ?he plot vac obtained by extrapolation 
of the test data for much larger but slower similar brakes, adjusting 
scale by the fifth-pover rule for power variation with radlnc, and the 
third-uower rule for variation with rotational speed. Actual tost re- 
sults agreed very satisfactorily with the predictions on this basis, 

'The cliarocteri sties desired in this project could be obtained by sinllar 
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extrapolation of the wheel and stator diaensions by the n^o rules. The 
coarpaijy has delivered to H.!.?, the detailed drawings and perforaance data 
for this brake. They pointed out that in no >^ay did they guarantee the 
design I perfor;nanC9 * or safety of the device, nor are they on the market 
to sell such ecuipnent, tt is considered that It is within the cauabili- 
ties of local facilities to ’•sannfaoture such a device, using the general 
details provided by ^estinghouse. It could be adapted in such a v/aj that 
a ‘*fanily'’ of characteristics sitsllar to that of Fig. 1 could be obtained 
sitsrly by Tirovlding different sets of po'^er t-rheols and stators, with 
adapters which would give the uroper casing voids, Althmigh tho -^reduc- 
tion cost of such a brake is considerably greater than it would have been 
for so’ne of the tcc!mique« described above, this is considered to be justi- 
fied by the char?^cteri sties obtained and their reliability, and the sta- 
bility and controllability of the device over the desired rang©, 

3.2 In tho interests of ecoaony it -was decided to use as Much of the 
available turbo-jet engine as possible in the desired installation, to 
minlnslse the number of new parts which would have to be made. The con- 
stnictlon of the engine permitted a complete seuarstion of conr^onsnts 
just behind the coiapressor at the shaft coupling and forward face of 
the cojispressor diffiisor flange. This left the compressor diffusor, cora- 
bustion chamber, besrings support assembly, and turbine inlet noccles 
available no a coaplete assembly in which the turbine siib-ascerably could 
be installed conolete with two r&dial roller bearings. The lubrication 
distribution system for the two bearings In integral with the resulting 
unit. However, since the thnist bearing for the entire turbo-jet unit 
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was incorx’oratod in tho cownressor asae'abl7, it ‘b^oaaie necegtary to nro- 
vido a re»olnc©nont when tho forward part of the engine wata discarded, 

^hif has been provided extornal to the txinnel, and has been incorporated 
on tho cou;»llng of the t\irbine shaft extension, ae shown on S’ig, 3» 
order to Mlnlnlso tnrbine shaft extenBioh length, (See Appendix I for 
analysts of Thrust Bcnrlng requirements,) A sealed bearing Is used to 
ell’ninate the lubrication problem and the possibility of con tfiaina ting 
the tunnel through the tnnnol seel. The fuel nozzles and combustion 
chamber liner were removed mid replaced with new inner fairings (Figs, 

15 ^ iS) to conduct tho airstream to tho turbine with a« little loss 
and turbulence as possible, 

3.21 Korraal lubrication of tho two roller bearings (Kos, 2 and 3 

of the turbo-jet engine) Is by an oil-alr mist produced by a P’vCap ('#^est- 
inghouec Part Fo, 23^3''“2) end Hixer (-"estinghouse Part Ho, lUG210-line l). 
working off the accessory section, Since the accessory section has been 
discarded along with the forward part of th® engine, it will be necessary 
to mount the pum and mixer somewhere exteriml with an auxiliary drive 
for the pump (an electric motor at 175^ rpm. would be adequate), Ihis 
should be mounted as close to the test installation as possible. -Ur 
for the mixer can be drawn from the room through a reducing valve by 
which pressure in the beerlng support will be controllable, The oca- 
renglng sycteia described below will nrorlde the pressure differential 
required for flow. Ref. (h) shews the neeessaxTr piuing and connections, 
which should be duplicated as nearly as possible in the test installation, 
The oll-air aiat line should be introduced through the turbine support 
flange in the tunnel by means of a fixed gas-tight fitting. 
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3*r’2 In norwal operation th© oll-&ir • I?t i dipch.p.rgo*3 from tho bearings 
Into the exlmust and thrown ixway. do>’tever, it i© not nor^ilsaable to die- 
charge anj*” contasainntion into the wind tunnel syeton “beenuse of cleanline es 
requirement e when Gchlieron anparatue or Interferoiaeters are to he need. 
Therefore f eome eort of an auxilary ocarengiag ?;ystn’Q had to h« devised. 

It was seen that the turbine bearings and ae*’embly could be irolated within 
the compressor diffusor and turbine bearing support assembly. A labvrinth 
seal for the turbine shaft and a grsket is mounted on the after end of th© 
bearing housing in plttce of the old radiation » liolds (b'ostlughongo Part 
Kos, lUG$‘63~ld*2) I v;hich wore discarded, The forward end is sealed by 
means of a nev nose cone, (Fig. 21), v'hich seals on tho diffusor casting 
in place of the former diffusor cone and seal ('<er,tiiighouse Fart Ho, 

1S^^9 liiie 1&2), and on the new shaft extension by a labyrinth seal in- 
corporated in tho new nose cone. Shnrp crests are provided in the seals 
to provide for “running ln“ to TninimuEi clearnnc© on the shaft, Tho rubber 
gasket at the after end is needed to cover existing screw holoe and other 
cutaways in the after bearings liousing flange, and to effect the seal be- 
tween tho bearings housing and th© bearings support. It is to be made 
overslse relative to the I.D, of the support tube, eo that the necessary 
deformation during asocmbly vi3.1 ef^^ect th© seal. An inward flow raust 
be estfibllched at all eoals and Joints, to ensiire that no oil gets into 
the tunnel. Scavenging linos cut into tho bearings support (seo Fig. 

17 ) will satisfy this requirement when connected to a large-capacity 
ejector available in the laboratory. The combustion chamber must be 
turned from its normal Installed poeltion relative to th© diffusor so 




m mm .tmrnmwm f mm 4l 

•• mm m mmtmm mmum n » H Umt umm •* i «m* 



11 



that one of the «|>ark holes which nrovtde accese for the evac^mtion 

lines will ho located ofs nearly at the hottota as possible. See paragraph 
5.1 (c). *fhe lines have been aaile as big as is consistent with required 
passage through the exist 5 ,ng spark pliig holes In the combustion chamber 
casing, to provide as such insurance as possible that available flow will 
exceed any leakage througl'i the various joints and seals. 

3.3 of the najor decisions as to how the test installation could 

best bo made Cvoncorned the satmer and location of the turbine in the 
wind tunnel systes. It would have been the ‘^cleanest** installation If 
the turbine and dynaHometer could have been mounted as a unit entirely 
within the tumiel. "^hls would have ellninated the need for a turbine 
shaft extension, sine® the dynamometer could have been cou'ded directly 
to the existing turbine slu=;ft conoling. However, it Is obvious that a 
dynamometer operating at the required speeds must depend on some sort of 
a fluid medium, the requirement of no contejalaatlon in tho tunnel there- 
fore ruled out this possibility, since the problem of perfectly sealing 
tho dynamometer would surely have been a major stmbllng block. The 
logical alternative was to locate at on© of the elbow* In the tunnel, 

«o that the dynaiiojaeter, externally mounted, could be coupled to the 
turbine shaft extension projecting through the wall of the elbow, R&ther 
than cut un %h& existing tunnel elbow at tho desired location, it was 
decided to cowoletely r©'>lftce It with a new design. This gives the added 
advantage of designing for shortest possible shaft extension. The outer- 
most passage diameter at Inlet to the diffuser fortiinately allowed direct 
mating to 0 S-in. noralnal-sls© pipe, and so, since the entire regular el- 
bow required replacement, 6 -inch pipe and fitting* are used wherever 
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po»Bll>le. Three elhovs or types of t\irn were ayailahle, a stemiard S-inch 
** short-radius^ olhov, with an eight-inch turning radius on the centerline? 
u standard S-in ^long radius"* elhov with twelye-inch turning radius on the 
centerline* and an assetshly coasi sting of two sections of S-ln. tube joined 
at right angles hy means of a section of turning vance similar to tho ^Dvicturn** 
presently used in the tunnel system. It was deterislned that the shortest 
possible shaft extension lengths were 1^.915 la., 16.975 aad 16,765 in. 

respect irely. Since it was known thiit this length would be critical, it was 
decided to let it control the selection, fhe ** short-radius** elbow is obyiously 
the logical choice. Fig. 2 shows a development of the flow area which will 
be obtained through tho ** short-radius *• elbow. It can be seen that pressure 
change* along the centerline will be regular and always in one direction, 
although highest acceleration occurs first on the under side of the nose 
cone, and subsequently on tho upper side as the stro&sa progresses througlx 
the elbow. This sequence xaay well be advantageous from the point of view 
of possible separation on the inside of the turn. At any rate, as has boon 
mentioned previously, it is considered that any turbxilence and other irregu- 
larities produced in the stresm by the passage through the elbow will be 
obliterated sufficiently in the process of diffusion Into the corabustlon 
chamber passages. 

3.31 Aj^pendix A presents an approximate analysis of the dynasaic* of 

the extension shaft required with the short-rcdlus elbow. On the basis 
of an equivalent beam with pinned end* the critical speed would be 1S,250 
rpra. On the basl* of the beam with fully fixed ends the critical srpeud 
would be 50,500 rpsa. Although the maximum desired operating speed Is almost 
identical with the former, the design Is con«sidered to be reasonably conser- 
vative In timt the shaft extnnsion is rigidly connected to otlier aenbere at 
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both 'besrln-g supports* so thnt a considerable degree of fixity Is obtained, 

3.32 /iDpendix d shows that a tapered joint botween the shaft extension 
and the dynaaaosjeter coupling is adequate for the applicable power trans- 
ffilselon, so that costly splined joints can be oliminated, 

3.33 The tunnel prorldcs an airstreaw of controlled hujaidlt7. SHirther* 

the Mass flow in the strea* Is normally xaoasured at a point considerably dovn- 
stroan froa the now elbow, and flow through the turbine must be knf.s'f. accurately. 
Therefore leakage Into or out of the tunn*)! be siniiilsed, and for this 

reason the joint between the extension shaft and the tunnel elbow must be 
sealed a« effectively as possible. This is acconpllshed by a labyrinth seal 
and gasket (Figs. 12 and I3). Tho seal is secured to the tunnel adaptor pad 
(Pig. 11 ), Since the seel depends on very mcall clearances on the shaft for 
its cffectlvoness, and it is of significant length, the rigid specification 
that the inner face of the adapter pad be noriaal to the shaft axis, requiring 
final machining after asseably. Is necossary. The securing bolt holes In 

the adaptor have been specified oversize purposely to provide for proper 
radial positioning. Further, it was found that a simple enclosed radial 
ball bearing was adequate as a thrust bearing, but it is required tl^mt It 
b© in very close alignment with the shaft. Hence the specification the 
adapter pad outer end be truly normal to the shaft axis. Althou^ small 
discrepancies in exia 3 . position of the adapter face can be cccosiuod.ntcd by 
shimraiag between the bearing spacer, (Fig. iH) end the adapter, aueh dif- 
ferences should be kept to a minimum, and therefore it has boon specified 
that the outer face of the adapter also be raachined after assembly Into the 



elbow 
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3,4 ™bie lov-gpeed branch of the wind tunnel structurally is essentially 
e large inverted **U'* which is supported at Its lower ends in the bessiaent 
of the laboratory, with no support on the second floor where the test in- 
stallation is to be asude. Any elongation in the vertical section bofor© 
the test installation mst result in added dlsulacemeat of the horizontal 
center line of the tunnel from the level of the second floor, ’^his would 
preclude the possibility of mounting the dynaaometer on the second floor 
independent of the tunnel structure, since it is imperative that the dyna- 
mometer and turbine shaft axos be in closest possible alignment due to the 
high operating speed, This may bo accosioliehed most handily by ciounting 
directly on the lower tunnel adapter flange at the top of the vertical 
section of the tunnel, securing with tl\e flange bolts. This Is shown 
9Cheai!S:ticnlly In Tig, 5» *^he dynamometer mount io ossentlelly r*. table 
with angle-iron legs which etreddie the g-inch elbow and project down to 
and are secured to the adapter flange. The table isust be so constructed 
that the dynamoraeter securing bolts may be located at will, to pern It od- 
justaent in angular alignment. Coliicidence of the two sliaft aa;es at the 
coupling is ensured by the coupling design, 

3.^1 ^hc nicest lastellstion would liave provided a flexible and self- 

aligning couplijQg between the turbine and the dynaaoneter. Several Boston 
renresoata tires of nationally-known ma}:ers of flexible coupliiigc vere con- 
tacted and queried about providin/^ such couplings for this application, 
^here ver© no such standard couplings usable at above 10,000 rpm, , and 
reference to the engineering departments of the several companies yielded 
only negative results. All were reluctant to even advise relative to this 
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sp«ed-rsower cosa'blnatlon, The Fast's Ooiiplin^? Dopartaont of the ICo-operc 
Ooarjanyt lac., offered a special coupiin^^. their IVg, Ho. CS- 1 «? 520 -U, at 
a cost of $98.00. The comliag v^as U 5/S-in. long and 4 oa tho 

0. 13. The external area provldeil thereby wo.s considered to be unaccentable 
due to the probability of shoving high uuTseastnrable vlndage losses which 
would be a large portion of the total output of the turbine at low po\/©r- 
hlgh speed settings. Therefore It was decided to specify a rigid coupling 
siKllar to the one used by the inaaufacturer of the turbo-jet engine, A 
rigid coupling is also specified for the junction between the turbine shaft 
and shaft extension. Twelve fitted coupling bolts are available froa the 
old turbine-cosipressor connection. Due to the fact that this Installation 
will be run at less than one-half the design peak torque, six of these 
available bolts will suffice in each of the two rigid couplings, and the 
coutpllng parts which are to be raanufactured locally have been declgnsd 
accordingly. 

3.5 The turbine of the test installation Is a high-speed device which 
is susceptible to very high acceleration in the unloaded condition. On 
several occasions when ^estinghouse test personnel eTcorienced no-lo&d 
run-avmye with a turbine of approxiraately the same sIko and cower output ♦ 
due to failure of water flow through their dynasjoraster, accelerations 
were eetisiated to be at the rate of 5^00-10000 rpa/sec. It is obvious 
that an automatic system of emergency shut-down must be provided. It 
would be inadeouate to provide merely for a tunnel cosmressor cut-off, 
since its inertia is considerabl© and there would also b© a large laass 
of air under pressure \ipstreas» of the turbine. It was decided to nrovide 
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Raf©tjr vjfidvc in the air strcasi &b close to th© turbine ar? posf«lble. This 
can be accoripliehed nicely at the lower tunnel adapter flange, and le renre- 
sented by ?lg. 5 aad shown on Fig, U. The spring loaded flapper ralve is 
held open during norisoal o'^eration by s latch, hlien ths turbine exceeds a 
preset liiait, the latch le withdrawn by a aolenoid which 1» energized through 
a governor on the dynamometer, Kef. (a) shows schematically one possible 
dofilga for the governor and associated olectrical circuits. It should be 
iaodlficd to ellaluate the ©jacrgency fuel cut-off (not needed) and to provide 
a tell-tale which would Indicate that eloctricnl energy If available for 
the solenoid circuit when needed, Frovisions also should be made to cut 
off nowor to the wirud tunnel conoressor slimltaneously with triggering of 
the safety valvo. A hand hole Is provided In the lower tunnel .adno ter 
flange to facilitate re-sett Ing the safety valve with rainimum alteration 
to the existing tunnel structure, 

4.0 

4.1 static t«sr>erature and pressure mist be known et any point where 
Reynolfig' Uunber Is to be coTaouted, along with stream velocity, ?ho latter 
can be determined by comaring stagnation and static presfures, both of 
which can be measured In an air stream with a sufficient degree of accuracy, 
however, static temperature is not aierisured readily with sufficient accu- 
racy, and must be reduced from stagnation temperature by taeana of the relation 




assuming isentroplc coanrefsion to stagnation conditions, where k is the 
ratio of tho specific heats of the airstream. Stagnation teasperature esn 



•«r^ •! W nt^^*t *i ^lil^l^^Ji fiiMMi* r» <«» 

« A###n<J «iAl r« •« 

tt <t»lMr U4^TI<^ * >• «i «A«/ *r^ ««JU ' 

444 ^f4i*,»i^ r»<M4 '. ^ » rzf !•• 4 

m4 ikJ^m fl .A/Ma^lc iF» •'•mvjf «*h 

«Al»V%r 4 ^ 1 — I aJ S»niX-#* 

•«:!<4ii»^«l otM SrnamifSL^ ^V0 ^£rir^ t 

4J9I fw4 ttIbM «■ '1° .. «4> ihMt%» 4> 

^ j|i i~wni n * f tY* 

■ ■ ■<|»H |rt# ^ •• iy^ « .^in- Wf 

|4 li^tv •cl^ T1#4* •<» A,.# ^ 41 •#3 M^l^ ## 4^ f »1 

4-1 »4f 44' • "f 

4 0.^ 

«u%j* n- !• ji^ •/ «»4r4 W| OJI*^^ I.,^ 

y9iv , •►'* ,r^|fJL!4f ^ ^4 J#lf? •# -f •• Mm. '^*C4-/44^ 

1» P*»« ,*-4AA> 4 ii t#4#4 i#4 04lf4£f«^« f ^m.mtS w4 »4 444 

.r^rtirt v ‘-44. •• #i U»iAr-« *»a 

-L«^ j/ * Wf< 44%^- fc.* %i ’Sif 9itm9m - 

•Mi- ^ •- ••-^^ . Si^J »4/t4ii»< It «• ••.• ^ ,T»^ 



I •/» 




.«44%#«4tA Wf |0 4l^U*^ vtU 



17 . 

1)0 tfieaaixrod with roaoonable acc’jracy (ref. («)). To «Tmmarize, stagnation 
tsiaper&tur© and sta^jnation encJ static pressure must b© rasaaiircd iroediately 
ahead of the vheol, where Heynolds * Ifebers are to b© coaroarcd, Ueteralnatlon 
of stagnation teanerature behind the turbine wheel together with stagnation 
tessperature ahead, will provide a basis for corauutation of turbine output 
frota the relation for an adiabatic process W_ nAh t= c (A?„), where W is 

^ P U X 

shaft work (see any reference on Ilow rrocascee). This computation should 
be Useful for comparison with output as mas^ired by the dynajsoaeter , there- 
fore providing a basis for an estimation of coaibined losses between the tur- 
bine and the dynamometer * such as to bearings, seals, windage, etc. 'JThe 
various losses would not be sopar-ible, Koasuroaont of either stagnation or 
static pressure behind the turbine will provide tho necosoary additional 
data for computation of work inmit to the t\irbine. Provisions have been 
mad© to measm*© these values (see figs, 22 and 27 )• najsoly: 

(a) Total temperature at ono location ahead of tho turbine nozzle© 

(at ono side); 

(b) Total and static pressure at the s^iiso plane as above, at top 
and bottom of the flow oamil.us; 

(c) Total (and static, if required) preBsur© at throe locations 
(ton, side, and bottora) aft of the turbine, e^jproxisaately 3 Inches 
downstream in tho straight oortlon formed by the tall oone of the turbo- 
jet en 4 :lne. In this distance there will have been no chang© in the annular 
area or diameter from that of the turbine wheel, yet the flow will have been 
given a c^ianco to obtain some degree of uniformity, and vibration-type im- 
pulse© from the blades of the txirbino will have boon at least rjartlally damped. 
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(4) Total t«73r)ftr#it'ar« at the ^rmo pla.a<^ as for (c), at a location 
half-way betvoon two of tho Tjracs^ire »e-*suraient -ooints. 

^,11 The iiistnment access? holes mce^^sxrj for the above hare ail been 

dimensioned for an I. T>, of ’>/S-ln. so that an Inctrunent head 3/^’-ta, lon^ 
by 1/4-ln. round or eousrc can be inserted. ?3 <?b.ovs schwatically the 

noceo9iPT7 noting bushiiw^s to eupfport and provide a seal on the shanks of the 
instrument*. Those are designed to accoffiiisodate an 0-ring packing to T>revent 
leakage, y&t permit angular and radial adjustment for traversing. The sccese 
provided will be sufficient to accoff.modnte cla'-f-tyne yav meters or 3~boIe yaw 
probes (ref. (c)), either of which oould incorporate an additional tube for 
aie&sxiromeat of static pressure; Klel-typo total nrose\ire probe heads (ref. 
(d)); or total temperatxire heads similar to some of those shown in ref. (e). 
4.13 It is considered that only tvo rr.o&e^irements of total and static 

pressure aliead of the turbine should suf^ico, sines there should be no 
svlrl fit that point, the only probable differences resulting from tho short 
turning radiii* with possible sepsratlon in the S-inch elbow ahead. Hence 
measuresjonts of pressure are taken only at the top and bottom, between 
which the groatoot differences should be epperent, Three points of pressure 
aaeasiTrc'nent aft of the tiurbino are provided, since it is believed tlmt swirl 
cotarrjonents in tho flow might make for non-uniform distribution, both radially 
and clrc'iimferentlally. further, measxire’seats will be acre difficult to wake 
at this station if both total and static determinations are required, since 
the .direction of flow must be found by y*^w cetor. It is suggested that only 
total ureBsure be noanured at this location, xising Kiel-tysjo total urossure 
instruments which are largely inseneitlvo to yaw. nine© sufficient data 
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’b-'i obtained fro<n 'TKenfr-irenonts o*^ t-ie t^irbine to detorniine flow 

and Pcyrolds I'wdier, -stotlc -^repcure behind wDiiJ.d be rerl«mvdfint Inforr^ation, 
H.13 ^ho «ta^:natlon tonrerritTiro In tho tunnel lo controllable, and 

tbe t'rrbln.0 inlet tenperature should be naintained art close to enbient room 
tecrperatur© as possible, 00 that hoot transfer to the aurroundln/'o froa 
the otroan Hill be mlaiuiKed. ^Inder those conditions It is bellcvod that 
total tosToorature need on?.y bo ejo', spired at one circu-Bferential location 
before and behind the turbine, since there is no sp'»'>arent re?? eon for clr- 
cu 5 »ferentlel variation at p,ixy ^jiven exlnl station. 

^■.lU To provisions have been raa/le for ositcrnal mnlpul&tion of the 

airflow inatr\r3cntc ahead of the turbine. It will bo noted that the in- 
slrunent ?.lnes are bro’ii^t otit through tho turbine racuntir^l flan^*’, indi- 
cated on 3» It is predicted that it will suffice to uount the probes 

so that they will be on tho Mean radius of the turbine bledes, end since 
esdsntlally aori&l flow should be obtained at this point they co?ild be so 
oriented and set* However, it is rocouaended that the pressure ’^robes be 
of the yaw-reter tircso for use ac a check on direction. If f^-n error in 
orientation were to bo aadc, the tunnel could be stopped and the probes 
ro-oriented nanually throiwjh the hand hold urovldod for this purpose in 
the turbine aountln^j flani(;e. Once th© proper orientfiticn has been obtained 
it should not clmru;© for the variour conditions of flow, since the voluise 
flow will bo ossentiaHy invstriablo. In the event th?,t these provisions 
are proven to bo Inadequate!, thf3>n additional access provisions can be 
rduvie for this station slailar to those let into the Kialn tunnel wall in 
the transverse plane of the after-turbine station. The latter taake It 
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possible to sisnipiilate the Drobo* from outside the tunnel \#hile running, 
since it vould be benifici&l to 3iake radial traverse* at the after sta- 
tion, and may prove to be profitable to dotenaino stream directions at 
that station. 

U.15 Torque and speed will be measurable at the dynafiomster . A 

‘*strobo-tacho:?ieter** is available in the Gas Turbine Laboratory at H.I.T, 
which has been shown to give accuracy within 1 per cent, which is con- 
sidered to be adequate for the intended use. 

3 • ^ 

*).l ^*hen and as -^arts beoone available, the installation should be as- 
« 0 'ji'hl©d in f^e general order fol?%owlny; (see ref. (h) for '"ectlnghou'^e 
Porta Idontif ic&tion. ) 

’>.11 Install the after oil serl and gasket on the after end of th® 

turbine beariufR houslu?, ^'oetinghouse Part >^o. 1. Before 

this is done the turbine rotor shaft can slide freely in the bearings 
housiniK, end careless handling nay result in di^inaged beariug'^ or rotor 
blades. It will bo observed, that rroduction notes liere been etched onto 
the turblno sheft at th© place whore the soal is to be effected. Any er- 
tcrnal projections of the imset saetal should be carefully honed off before 
the seal installation. This honing should be hent to a oinisua to prevent 
getting the eliaft out of round at this point. Take all possible precautions 
to prevent grit or -^rrgTrients fron enterln,^ t^e bearings. The rubber gs.sket 
is brought into position from the shaft coupling end of the sub-asoenbly, 
ro'piirlng some stretching over projections in the process. (Tio not attoiapt 
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tn e ♦ihp flin'b-a'»pcral5ly for j^afsket Instellsitiont <iuo to 

tho Caro In re-a‘»« 5 eni'hlv of nkoft and counlin^i;. ) Then bring the 

*^fj£ling ? Into the radial sT?lito in the two oalre 

nl?i9t7 de^ro^i*!! n-aart, 'lo'-* the ee-jllny niecee li^htljr in contact 

with tho v’d.le ''.ocnrin*;:, to obtain rainlwim clearance with the shaft, 

‘The seslinr are^t!? hsre hoen node nnr*:>o';cl'^ charo, to be worn off into 
clG,:aT'nco dixrin» the Initial «;^Or 7 ?a of running:. Be oure that the gaekot 
1? centered on the -Thaft after final cf’curln.^, Hotc-ite the turbine wheel 
by hand to be ^ure to'*' r>uoh interference hps cot been nroTicled, Safety 
wire tie ?>ecurlTi 7 serevo, 

‘5.12 '-liver- the p"irftcu&.tlr>n nlre r dan ter nads on to the tur- 

bine brrriJV.T cvr^-nort orB drill r.n' tr*^ In. nlacs as sho^^. on Tlf;. 17 , 
i-ajrr a trial aopenbly of the evacnrtion rinep to be oure they do not 
project inside the X.D. of the baarlnyn OT 2 :Drort. froride for subsequent 
idtntif icctlon of w.ting ^prts. The oineo should be seven inches in 
lengthy of thro'--'‘->i^’;h* inch p-to.n'^ard r.lp.r, belled at one end for clsrjped 
hof^o flfetln/^c, mvi having* tamred ri’^e threads st the other end. Br&se 
on the 5.n^trunontation ncec??r’, pods on the cc'ub’istion chamber hovieing as 
shown in Big. 2?. Brill 3^/^^ inch halo through each and be vnre that 
the holo 10 continuous into the c.lretrou,?! passage. Tap as mecified on 
na. 22. 

5,13 Hoask out npark plpf ho7.ep in the coabustion chamber cUvOin^j to 

tn I.O, of 13 /lf Inch. 

B.lU Inetall this diffuqor t?.il cone rrd the corbuation chamber inner 

liner « Ip and 1.^), cnrurlng 



t^’rt the vF-rlou« hole® and cutouts 



At ^ •* # ri ^— I «i •,•! 

#«Jpi«» fSf A f(-|l: > 4*t» ^«t^r .- ^^1^1^ . %► ***Ve^i •• 

r^*ir<ia si •■»•»- •■• «f ta? * ♦•“ • ■- _i «)«wM 

iiA »» ■ry»^iV ^n^u»« fj^p««» «. ,«in#rii^»M 4 Op* ^ 4« ar?«t p||# 

^ISlSCT ^ ^ a* "" ^ < ^ %^i^M ibp^ 

'Ipi 

♦•*•*• ^ ••% »r l>f<»l| *..• ^ •», • 

itfJ !#» *#♦•* f7 *»» t ■ tf^®iiF“ •! 

.^ i >f t » << f^t •►• ,-^*‘-*V.t »%- *t •* li !•• •• 

^ A* 

^ ^fggi ^ ii ^ ^ f ^ L 

.•1 .“f* rw mm •# • ••• •«M»| tj^i;^ • 

Hm ^ .# .« .<•! ftr t • •Mi . 

9mm^^Mrn .C,^ ••fn^ 

mA *<tiA'f ^ W 1 vyp*lr> ti rJbi i ••• 

^ 4mm mrn> p. , « *-v-^ ^ ^ I I 

iMf 4^# 4% ► “^1 “ ». .f«<»r 1 1®* ••«#«* -««p« I 

•* iAMmm 4fl«** tMli ^ rw> I M ^ ^ 

99 •» .^« -• i&in r»>^ •. mjr 

•• ^ 9^ mA"^ ¥%%f * Mm <1 «As fdl 

.if% 

at ^ .Mf ^•. 9m^ ^4 |*|. »•« 4 ••Si# *T:ft 

» ira*>. P' 9 

** »#ar*4»3 tei 4tor«» »»«•• •• tmt t««* p 1^ • »•• «' .•< ^ .^p«( | 



provided for tho evacuation nipe In^ tc,l'.c.lion are pro’'erl7 oriented. C?hen 
brln;^ the coinhufftion chauhcr ho’' 8 ing; and nnz-ile euh-assenhlv, and the dif- 
fusor and 'bcririuc:;? suu'>ort nih-aane^ihly toi-ether, drawing’ uu slowly with 
the securing screws, end secure. The nozzle hlades are very loosely 

fitted in tholr nViroudr, and easily dropped out. ..ake sure that the nozzle 
inner shroud In brought into •monition on the bearing:?! zuuport end at the 
sarac rate the two eub-aspeablies apuronch et the Liain securing flange. 

These sub-acsenblles <.re irdoxed for prc*;er orientation by two punch 
pricks on the ;nating fl- nge of the combust i^'n chanber housing and on one 
of the mounting lugs on the diffusor, 

5.15 Secure the turbine shaft extension to the tuibino, using eix 

of the twelve bolts Part.iro, ’’'IBT!^?^ line l) which effected the coup- 
ling between the turbine shaft and the contcressor ehai't. The resulting 
asseiobly should then be checked for static and dynamic balance, and run- 
out at the for end of the shaft extension. Safety with cotter keys, 
which should bo weighed with their respective bolts before-hand. All 
possible care should bo taken to ensure that weights are disposed syi- 
metricslly, for Mlance of a ranidly-rotating part which will be ooorating 
near its critical speed, 

5.16 Assemble the Turbine fub-assenbly into the Bearing Support and 
Diffueor assembly . The after sealing gasket, fig. I9# is mushroomed into 
the I.B. of the Bearings Jlupport during this step, which will require some 
force. This force should not be imposed on the turbine or its shaft, since 
this would likely damage the outermo'st ridge of the labyrinth seal. All 
required force should be exerted by pulling on the bearings housing throu^ 
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the diffusor. Safety-wire the «ecurinr holtc after drawing up tight. 

5.17 Instil the evacuation -oiDes, and neck in the (spcrk-plug holes 
with cotton wickingt to rainlaiize air leakage ahead of the turbine, 

5.1s Install the nose cone (Tig. ?l). gasket coapound similar to 
PcmatejCf '?ype A, s'osringljr on as many of the mating surfaces fia possible, 
taking care not to allow anj'- to flow Into the lab;/Tinth sealing grooves 
or onto the turbine extension shaft. Fem<^ve- all external excaoe compound 
after assembly. Rotate the turbine by hand to ensure that too much inter- 
ference between labyrinth seals and shaft does not exist, 

5.19 “lip the tunnel seal and gasket, Tigs. 12 and I3# on to the turbine 
extension, but do not slide thorn too far along the shaft, i>.en mount the 
turbine test aseembly on the turbine euuport flange and sec^ir©. Pull the 
tunnel seal and gasket onto the tunnel adapter pad (Tig. 11 ) from outside, 
and secure. I’he screw holes in the uad have been drilled oversize on pur- 
pose, to permit nrouer radial, location of the seal and gasket relative to 
the shaft, 

5.20 Install the thrust bearing on the dynamometer coupling half (Fig, 

20), shrink on the bearing retainer riiig (Tig. 26). Position spacer (Tig. lU). 

5.21 Attach coupling-and-bearing assembly to the shaft extension and slip 
thrust bearing retainer (Tig. l 4 ) into place, as shown in Fig. 3 « 3 jOcate 
the centers of the two positioning pins from the bearing support. Remove 
support, cotxpllng and bearir^g, and spacer, drill and tnu for and Install 
positioning pine. 

5.22 Make final Installation of tho coupling assembly, torquing the 
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retaining nut to 500 in-lb? 5 , (It will be permissable to use a Stillfon 
wrench on the «tul> end of the turbine rotor, but the rogulting burrs should 
be dreseed off carefully subsequently), 

5.23 yeol out the resultant axial limltc of the turbine rotor position 
(those will be snjall due to the presence of the after seal), and use erollt 
shims betv;een the bearing spacer and the tunnel adapter pad to set the 
rotor half v/ay between the limits, Hotate the turbine by hand to be sure 
that sufficient freedom exists for noriaal cneration in the air stream. 

5.2h Install the evacuation pipes and connect by hoses to a gas-tight 
access through the turbine mo anting flcpige, 

5.25 Install the tunnel safety valve on the lower tunnel adapter flange, 
as shown on fig, 4 , The safety valve soringg are designed to be loaded 
by a turn of 70-deg, when the valve is in the closed ucsitlon, end should 
be Installed accordingly, 

5.26 The remainder of the assembly procedure for getting the test in- 
stallation into the tunnel is straightforward end my be seen clearly 
in Hg. 3. 

XHSTHUCTI01I3 AITD PHnCAIjTIOHS 

6,1 It is reoomonded that sand-bagging or oquivalent protection be 
provided in the plane of the turbine wheel and that of the coupling 
between turbine shaft extension and dynamometer shaft bafore operation 



is attempted 
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starting 

6.21 Caliijrate and set the sr.fety r’^vernor (reotion 3o) activation 
at 20,000 r;>m. Choc'*r tho Prijnary Safety kRchiinisai. Be aure that th© 
#fOVBrnor r-arts are working freely, without binding, and that the atr.ad-by 
electrical circuit for the safety air valve trinniaf! eolenoid in oncrgi?:ed 
(tell-talo ligh,t ie on). Jianlpulatc th© governor so that th® electrical 
circuit to the solenoid Is closed, and be sure that the VtO,lve does in fact 
close. Reset, and close the >\and-holo in the lover tunnel adapter flange. 
f ','^2 iltort oil-air mist evacuator, and establish pressure within the 
bearings support at fs value lover than the lowest predicted static pressure 
at turbine inlet. Do not oijerate at any setting where this difference can 
not be maintained, 

6.23 Start the oil pujap for the oil air mist only after proper pressures 
have been set in accordance with 6,22. (^hia step might veil be accom- 
plished immediately after the turbine starts rotating, in step 6.24), 

6.2U Sat the water level control on the dynamometer for laaximua torque 
(voter chamber full). 

6.25 Start th© wind tunnel and ootablish desired flow. 

6.26 Slowly reduce toroua on the dynamometer to Increase turbine speed 
to that desired, h'^tch carefully for vibrations, 

6.27 Shut down tunnel Immediately if safety solenoid oircrijiit tell-t&le 
light goes off, and ro-eptablish the circuit before attempting further 
operation. It Is to be strongly ermhasised that this is a high-speed 
mechanism which I3 cpuable of very ranid acceleration on run-avay due to 



torque failure 
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6.5 Stopping 

6.31 Increase dyiiaraoneter tor<^ue to miixJjnuni arailnl>le. 

6.32 the vtnd tunnol, thereby istopislng the turbine. 

6.33 -^ftor the turbine haa ptopped, shut off the oil p\rirp, (This 
ralght well be accncipllshod allghtly before turbine etops in step 6.3?). 

6.3^ bet the oil-air mist ovacuator run as long ns xiossible r-fter 
stopping the pusip, to provide assurance that all oil has been renoved froa 
the turbine end associated synten. It nuat be emphasised that the interior 
of the wind tujinel system must not be contanlnt^ted in any way. Take all 
T 5 oe?ible precautions to ensure that any leakage between the test a^ssenbly 
and the tunnel air straara is always inward through the various seals and 



townrd the evacuation lines 
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DY1TA.MIC<=? Of O’lA'^T PYr^ITSIOK 
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'Deflection 
Curve 



The method of Rayleigh-Hit 2 for analysis of transversely vibra- 
ting heams will be followed. It will be re-erobered that, from the Law 
of Conservation of Energy, the maximum attainable potential energy of 
a vibrating system due to its position in space is equivalent to the 
maximum attainable kinetic energy of the system due to its motion, i.c,, 

PE „ r: KS 

max max 

It will be assumed that the deflection curve for a vibrating pin- 
ended beam equivalent to the shaft system shown above can be repre- 
sented by the equation 

7 = K sin 1^1 cos \wt; 

where K is some unknown constant 

V is rotational velocity, rad./, unit time 



Then the slope at any point is 

dv fT 



^ K -j coc^-^jcos (wt) = « 



and curvature at any point is 



=r -K ^ QOS (wt) 

^ \A I 



The velocity at any point is 



dt 



fiTx\ 

s= -K V sin^-^ j 



sin (wt) 



dx 
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Tor a Inci'enent subjected to a Txjsiidini? saomont M, vhlch roEult« In an 

anfi;ul£5.r deflection diJ# the work done>^ in briivjin^ &boiit the finsl condition 
cf loading and riooltion Is 

A iPt) m M (ave) X 6.Q * 1/2 Kd« 
frovi Beam Theory we hare 




Tlien 




and 





Incr«£{ental kinetic energy in the boeja is 'J* x 





where Ic the usaee of the coupling:. 




where p ia density, A is the sectional area 
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sjyi 



(xi) 



^ cos (vli) 

'' 4 ^’ 



o ^ 

To maxi»i2«t »in‘'(wt) = cos ‘(vt) » 1 

/m nr 

(The aexisiTja Potential I'nergy occmrs at ^ radians heforo and after 
the tlj»8 vhere Kinetic Knergy is aaxlatua) 

Therefore 2 r pAi , t^. ^/7T4\1 _ TT'^fX 

l 4 f -f - “ 



4 / 



and 
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For the steel shaft of diameter 1 l/S in, i 



SI * 2.357 X 10^ 


lb,-sq. in 


p =5 0.2S6 


Ib./cu.in 


e « 10.115 


in. 


1 ar 1U.915 


in. 


3SS 


In./sec^ 


couollng weight Is 


2.21 lb. 



Solvin ,5 the final eouation above* Wcl 910 rad./eec. vhich ie, then* the 
critical speed for the sliaft extension. 



and 



¥ « 



% 60 . iS25 ^ 
2 tr 



2ir 



6o 



12,200 rpai 



For the case of the equivalent vibrating; beam with rigidly fixed ends the 

ecuatlon of the deflection curve is assaiaed to be r fifTfiVl , . 

y « K /-Cos(— jj cos(wt) 
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i^roceedins as "before w e ^2B0 r^d./sec, 
aai IT *= 50*500 rp®. 

These speeds represent the extremes "between which it might he expected 
the shaft extension will hare its critical speed. It is to ho prerumed 
that In the actixal case there will he a coaslderahle degree of fixity 
at both ends. 
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APPBgPII B 

D^7:i;EiaKA5*I0F OF TURBir^ TT^JST OPFKATniG COKDITIOIfS 

Tho well-!niown dimensionless parameters relating to speed and weight rate 
of flow in the turbine, for specification of performance, are: 



• where w^ « weight rate of air flov/ (ihs./sec.) 

^ Q is as above 

5 is the ratio of adtual static nressure to standard 
pressure (usually lh,J psia or 29.92 in. Hg.) 

Taking typical performance data from ref, (g) at rated power, 

H = 34,000 rpm 

T^ =s 195^ deg, R, where is stagnation temperature 

ahead of the Turbine 

= S4.63 in. Hg where is stagnation pressure 
ahead, 

V = 6.64 lbs. /sec. 

fit 

Tunnel Conditions for greatest weight flow can be maintained at 560 deg. R. 

and 1,6 atmospheres - 47.S7 in.Hg. , maximum desired. 

Then, to obtain dynamic similarity between desired test conditions and de- 
sign conditions 



f3 



where TSf s rpn. , 0 is ratio of actual temperature to standard 
temperature (usually 520 deg. R) in absolute units 
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aph:hbix c 



BSTKEMIKATIOl? O'p STATT Of AXE AT TtTEBn:X3 IlfLTJ': 



Area of the Turbine Annulus s 

Outer Dlnneter » S.l in. 
Inner Diaaeter *= 5»1 ii^» 



^ ElL££]^ ~r^^d]lSL!l ]« 0.216 ft, 



VY 

Jjlnce only the etsf^natlon condition!? are pre-detcnalned by the tunnel, 
static conditions must be obtained by trial and error. l*or first approx- 
Inst ion \ico density based on eto^jnation conditions. 



/f 



P. 



HTo 



from Gas Lavs, where the subscript “o** sijgnifies stag- 
nation conditions. 



^ [ H.lX A 6 xiHH ^ 0.1132 Ibs./cu.ft. 
s 3,3 S X 5 GO 



Then V « 









where V l« stream velocity in ft, /sec. 



3s cs ft, /sec, 

.Zli^ x.H 3 Z 

Then P « P,~ * l.<5 1^.7 x l^i4 - 1/2 x ~ x ( Z » 6) 

3 - 5.3 ^ 



« 324U lbs./ S Q . f t , 



and T s: T^ - 
0 



1/ 






where the roecific heat at constant nressure C « 

' P 

0.2399 BTU/#/deg. F at 5r>0 deg. H. 



T « 560 - - «r 560 - 6.R «= 553,2 
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3.^44 



Thon, for cecond trial, « 



JU221 



?95 n./»ec. 



.216 X .1099 

P to 3241 lb f 5 ,/ sq.ft. and ^ « 553 ^ 

The third trial fihow« 

« .109s Ibs./cu.ft. ? = 295 ft. /sec. 

P « 32U2 Iba. /sq.ft. = 22.5 IbP./sn.ln. 

T *= 553 ^ 
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Ai'PSKDIX D 



DBTimHDiATiOK 0? Hi3YKoi,T)s ' immmB 



Reynolds* SFuaTier for the required Inyest illation will be based on state 
and velocity Just ahead of the Turbine ITossKle Ring. The characteristic 
leaijth will be the chord of the turbine blade at mean radius, 

• where l« Reynolds* Riniber 

h 

is mass density (ibs-sec^/ft^) 

V is velocity (ft/sec) 

1 is characteristic leUigth (ft) 
yU is viscosity (ibs-sec/sq ft) 

y' ^ ffom Ref. (1) 

where 0 = 120 for air 
?o = 273 «®S. 0. 

r 

y^o = 170.9 % 10“ poises 



5 ’ - 553 X 5/9 = 308 deg. C. 



, 1-5 



so » 170.9 10 “ 16S-0 r 10 poises 

£ ISS.O X 10 “^ X P.Ogg X 10 *^ 3.925 X i 0“7 lbs. -sec. /sq.ft. 

1 .1S75 

1 « =r 0.099 ft. 

12 

fhenNff - -•A 93 ^ .. =^ =253,500. 

’ 32.2 s 3.925 X 10“' 

The tunnel can be evacuated to one- tenth of the aaxiiaura pressure used 
above, at the same ttirbine inlet tea^ereture 
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mrmnmnoi^ of om?m 



« 560® 



F. = 1,6 Bt:306T)herc B « l,f> % lU.J » 23*53 P»la* 



Iformal Rated Power i« oT)taiacd at — i *= 2 



where ie etngaatlon pressure at entrance) 



Pjp i« ste^ation pressure at exit ) 



) eee Ref. (g) 



at « 560 H. » 133 .S 6 = 1 . 57 ^ 2 ) 



Fr^ = i X 1.571*2 ' .7S71 Ilf = XO9.7U) 



) 

) from Oao Tables, 



* 133 . S 6 - 109.74 « 24.12 BTU/lb. 
i_c? 24.12 X 77 s .. 

f-r ^ uu- 3 ^*^ a* 9 umlng?^^e 100 

550 



Therefore »axl»um possible power at desired o^.eration 

« 34 .x X 7.005 «= 239.5 4p. 
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APPSPQIX f 



AKALYSIG Of TO" $TI G$ Of A DISC Mm-IHG in WA!T?3 



K.P, 



Wf 

(n+3) X 550 





(see ref (f)) 



where 

f s: coefficient of friction 
V « angnlar relocit^, radlens?/sec. 

» outer radiun of disc* ft. 

*i Inner rndiua of water level, ft. 



BxiTjerlmental results show n « l.S j f » .OOU for rough fmrfacec, .002 
for noli shed surfaces. 

H.F. X 4.S y 550 

''o -"'i 



Design conditions are 
F « 10,220 rpa 
H.F. « 239.5 

Therefor© it 1« desired to design a brake which will absorb 250 H.P. and 
over a rang© of ^ design speed to ina3cisjum allowable. 

« 13,600 Tnn 

Maximuia allowable » 20,000 rpm 

It can be aeon froa the foregoing eqixatlon tliat the slowest speed will 
determine the largest radius. Therefore for 250 H.?. and 13»6#'0 rr>m 



U.0 



R 

o 



^ .^ 50 . kU.B y 550 ^ 250 xh.B X 550 

i UD'x .OC^ UlTx .OOU X 6.02 x 10^ 





.01929 
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.-i M 
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' ~'^,r/ Lt* ,•..» -»• ^v-****! 

es.xji^'Li ;i " V'/ T ■>“ *.' t. ■ 

r ••.^ , »-v _ . 'll' *'*(be ti X - 2 ^V "■• "'i'* * ' ' '■' 

V. <- Qo / 



« 




§ 






3S. 



lettini: R K 0 for trial radius 

, 

\ -\l .01^2^ « *^39 



« 5.26 in. 



Kow set Hq « 5^- in. r. ,45 ft. 

^1 =^7 .01^ = f7o2iS~.Ol9Z^"'^ .c?sg ft. * 3.46 In. 



for the lowest power output H.P. = 25 
Rg'® - h’J‘® . .001929 

TTnder this condition the inner radius of the water level would be 



H.ei , 

H ^y.ozis - . oooi^z^ 



=r ,44l ft. « 5.292 in. 



yor the saa:!:lRium allowable speed and 250 
w 2093 

W^.S 1.991 3C 10^ 

2^0 X 4.g X 550 

0 “ ^ “ 4Tr ,x .004 X 1.991 X 10^ 



H.P. 



.00659 



Hi 3 - . 00 65 ^ ' « .^IS ft. sr 5.02 In. 

for lowest power output at 20 1 000 rpia 
^i y,ozi& - -000659 ^ .^^75 ®= 5.37 in. 

Coraparo this to the O.D. of the disc *= 5»^0. Instability is highly probable 

Water flow reouired for cooling purposes 

hot allowable temnoraturorise « 100 F. degrees 

h.p. X 33Q OO ^ 230 ^ 33000 s, 10,600 RTO/sin. 

^ 778 
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wt. » q/ T » 10,600/100 « 106 Ihs. of vater/jnin. 
ml. /min. » 106/^?.3l^f) « 1P.71 



It CBn l 5 o rep-dlly ficen with thl« rate of flow and the narrow razuje of 
water level, that soeod control would not h« accurate enough for use. 
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Appx^mix G 



A>’Al4TSIS OF r<p-: CTOlACraXOTOS OF A OYLIH.D-^H PaR'PIAU.Y STJB2fEBG2B I15f WaTHR 

Assinsio that no end face Ir e^cnosed to water 
Then T = sTTfl (see Hof. (f)) 

where T in torque on cylinder (ft-lh) 

f i)? coefficient of friction * O.OOU 
1 Is length of the cylinder (ft) 

V is rotational speed, rad/eec 
R 1® the external radius (ft) 
n 1»S 

And Horsepower » T w/5!K) 

- Hlff 1 w 

550 



X 550 

eo 1 s — -r — 



P=p-%g_3.S (froo Appendix F. „ 

217 f w E V = 1.991 X 10^) 



Then, for 2^0 hp. at HO, 000 rpa, 

1 eO.OOH75 



A»sii®® R = 2 In. 

12 Tt g 

Then 1 « .00275(*^) » 2.^75 i*t. « 20.? in. 



Power vsrles directly with length. For one-tenth of raaximura desired operating 
output (« 23.95 i^p) 



1 « 21 ^ X 29.7 « 2.S5 in 

250 
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4i. 

Calculation of pr©««ure forces required to ’balance centrifugal forcet 
of the ve.tor rotating in the housing. 

Centrifugal force of an element of water of unit deuth 

» -^dr r dQ ZiL. 

° r 

where density (ibs./cu.ft. ) 

g » gravitational constant (3^.!2 ft. /sec. 

Vj. «r linear velocity at rndlu® r (ft. /sec.) 
r • radial position of the element (ft.) 
dr » radial length of the element 
rdO e the circumferential length 
The balancing pressure force (centripetal force) 
ts ^ h • rd5 

where h Is the hydrostatic head (ft.) 

other symbols as above. 

2 

ThenPh rdfi ^ ^ dr rdO 

' s — 



and h 



mir 



Z 

g — 






where is the inner radius at th© casing 

1© the outer radius of the cylinder. 

Kow assume velocity distribution from cylinder to casing is linear, 
coming to 2 ©ro at the casing, and having zero slip on the cylinder, (shown 
herewith): 
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Kov *s ZSL ® 

**c ~ ^0 



3^g rc ^ Tq 
^c ** ^ 3^0“ 
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r c i*c - .1667 

3^s^ 1 



1 




(tq - . i 66?)2 ^ 



«o I when r^ » 1 f t . , h ^^^ 3300 ft , 

or IU30 lbs. /In. ^ 



It can he seen from the nature of the derlred formulation for h that 
it will decrease aa Increaecfi, Howerer, if the enclosing casing is to he 
kept within reasonable ditsonsional llaits, an enclosed pi^ssure tight casing 
will be ronuired, resulting in considerable unpredictable circulation. At low 
uower settings with high speed there would be great likelihood of instability 
du© to the short submergod depth on the brake cylinder. It would be iaiprac- 
tical to decrease the cylinder diameter much under U in., because of the large 
submerged depth that would bo required at full power. 
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APP^Jr/PXX H 

»By?'RMiwiOK OF Piy.mn in A ozimiimcjki, vx^m ?ur*p 



As{?iiH36 that the vater enters aitialX^r at the center and leaves tan- 
gentlalljr at the porinhery. 1?hen power ah sorption is that due to the 
change in tangential moment im Ismoced on the water 



/-P = I ht2 /33 ooo » II T^/33000 



where W ie the weiglit rate of water flow (lhs./»aln. ) 
g Is the gravitational constant (32.2 ft. /sec. 

V Is the llnee.r velocity at the wheel ria (ft. /sec.) 

. l-i£_|.£jLJiqoo 

taking the density of water as S Ihe./gal, 

0 , ?. xtf X e x .??ooo ^ p.xtP X <r X pooo 

g 2: g X (wt)^ 

where Q is volmie flow (gal. /min.) 

w Is the rotational speed (rad. /sec.) 
r is the rla radius (ft.) 

Then, for 250 hp. at 20000 rpsi 



2 X 250 X 32.2 X 33000 

(3 Ttx^) 2 r 2 



« 15.22 X ^ 



also y « wr e 271 X x r « 2092 r 

The following solutions are found! 
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It can bo seen that* for a reasonable flow, wheel dia-netera and re- 
sulting exit velocities’ aro excessively high (see tjection 
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Asmicje ft 50 ^ Hcaction Turbine 



Then, when ^^1) 5, 

(Pf)Beal^ 




where P* ie etn,gnation praeRur© ahead of noss^le^ 
is stai^natlon pressure behind rotor 
la stagnatioa pres euro ahead of rotor 
Harlmuts desired operating -nressure = 1.6 ataios. 



Then Pj,- *? ^ ^ ^ ~r~ ^ I6.6P psia 

fz 

Pf /■ 6 xi±2 sr 11. 7g paia 

^ p » 4. gU psia 
MariauGi Thrust » A xAP 

where A is turbine annulus area k .216 sq.ft. 

T « .ZiS X l44 :x U.g4 =r 150.5 lbs. 

Consider Horma-Hof''Lmn Douule Plate Blngle Row Inch-Type Bearing 
lledlum size, Series 3^7-^^ 

Rated Load at 3^*^ ® lbs. 

Hated Load at ?0000 zn-jm « 4S0 lbs., by extrapolation of tabulated values. 
The rsianufacturer* s catalog gives 
? ^ 0.5 H + 1.5 T 

'fhere ? Is equivalent load for rating 
H is radial Load 
T is Thrust Load 
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In the desired a^r>llcptlon R = 0 



P = l.[5 T Ihc. 



Therefore Pes^rlnr: factor of safety r: =r 2.2 

22b 

(he<?ed on hearing life of IQOOO hours, hut e:?:tra;^olating heyo/id 
Kari^aun tahulatol rnoel r*vtln,^,) 



Adequaev of Shrinh on '^etoiner H'/’, "rtrt '^'o, '-12553 



the tunnQl ia sudcienly shut dn-n, ao vhon tha air safety viilve ie 



tri^.«^ored, the t^irhlne ‘boc''ue:s a co-n^reseor if Ion ef ‘‘iciency. This nresiinahly 



happens when the load on tVie dynenoueter ic lost, and the turhlne ccntlnuofi to 
run under its inortio for p short nerio^ of ti*:e. "^Tridor these conditions 
the axis! load on the turhine rotor roverres. Hence a shrunk on retainer ring 
will be required behind thf* boariag, on the coirilinc. 

Use a steel ring with section, 1/8 in. by l/U in. (sec Fig. 2^), with 

a Shrink Fit (Class S) on the coupling where the C.U. is 1.3779 
Miniraura interference is O.OOC?5 in., diametral 

Kow G = whore e = circumferential elongation in tho ring 



P t= the tensile load in the ring 



1 =•- the mean circumference of the ring 



A is soctionol area 



E Ib modulus of elasticity 



s=7T(^d), where Ad is the intorferonce 



Then ? - eAl^_ / TxAdyAxI? x 



7T X dj3 
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Hov 2P = 2 p r vy 



^ 7 . 



vherc p Is noraial pressure on the inner surface of the ring 
r le the inner radius of the ring 
w Is the a:jcial width of the ring 

? 

BO p « — 

rw 

Total Koraal Load s= II « n x 2fTr x v z:: zTf F 
N £= 3l401bs. 

Allowable axial load *= II x f 

where f is static coef. of friction (0.I5 for steel to steel) 
Allowable axial load = 0.15 31^«) « 471 lb». 

Assume that the turbine can provide a pressure ratio of 2/l when acting 
as a ptufip ( very conservative , since the blades will probably be stalled, and 
efficiency will be low). 

Also assume that the tunnel coinpressor in working on a 2 to 1 pressure 
ratio, compressing to 1.6 atmospheres (the highest desired operating condition). 
Then exit pressure on turbine » r l/P x 1.6 x l4.7 ~ O.S x l4.7 

and inlet pressure on turbinb « *r^l/2)pg o.U x l4,7 

Then total axial pressure force on rotor « (O.g - 0.4) x l4.7 x l44 x .216 

ts 183 lbs. 

Factor of Safety -nrovided by shrink ring 

*= r= 2.5s 
IS3 
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Torque In Shaft « 




where is tiirbine power ootout 

w is t'orbine rotational tpeed 



Torque 



20000 x^71 '■ 



~lb«. 



« 7^9 In.-lbe. 



Fro*i ref. U) ^static coef. friction, steel to steel, « O.19 

Hadinl Trper in Joint s* I /16 ^Y/tj 

Average diaa. in Joint a 1 I /16 

Then total 'vtirfac© force on Joint *= 1 2 . r j. H S , 

radius 




so P CT C.0606 X 9*900 K ^00 lbs, 

where P is the necocnary axial force which must exist between 
coupling and shaft while n^nning at full ^otv'cr. 



The exiftl force on tha turbine rotor tends to separate the two, so 
this also auet be provided by the required retaining nut, l.e. 

Axial force issnoeed by retaining nut a P s= 600 + 15^0.5 = 



750.9 lbs 
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Using a 5/S- in, screw, National Fine Thread Series (iSthds. ^in.), 




Toruus on Threads as Hg x f x 

whore f is co«f. of friction 

r^ is pitch radius of thread 
Use f for static friction, to he conservative 
Then T^ == x 0.X5 x « 3^.4 Ih.-in. 



Assemble the coupling with 500 lh,-in. 
Factor of Safety at Full Load *= * 13«0 

3 * 5 .^ 



iKr)Osed on retaining nut. 



It is recommended that high torque be used in setting up the assembly, 
to provide assurance that the coupling and shaft are properly aligned. 
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APPDFBXX K 

AIB SAW^y SPRING ISFIOH 



yig. 5 R^iowg the desired Talre. 

O.B. « 9 in. Thickness « 1/4 in, 

c.g. to hinge-line — 5 
Material — Alxisalnira Alloy* 24 ST 
Density sr 0,10 Ihs./cu.ln, 



of TaIt? =: X X t xy <5 « 5: SI X ^ s: 0,10 

ss 1.6 Ihs, 

Faces sarj'’ seating torque about hinge = 1,6 x 4 .S 2 = 7-72 lb. -in. 

Use two springs, on© left and one right hand, 0,093 in.diaa. hard drawn 
spring wire on 0.625 •’^loan spring dlas. , six active tui*ne each, 

?roa ref. (j), T = 



where 1 is Eodulus of Slant id ty 
d is soring wire diam. 
n is angle of deflection (no. turns) 

K is no. of active turns 
D is mean dlron, of the spring 
T in the spring torque 

Take spring deflection of l/?. turn for velve-open position 



then T = 30 X 10’ x ( .(y)-j)4 x 1/3 

lO.S X D X 0.625 



27, B lb, -in, eac^ 
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An^lo of turn vuen valv© is seated is 70 deg, 

"hen :: 2?.S x 2 » 21.^ in Ihs. seating torque 

V • X so 



Factor of Safety when seated 

21.6 



7.72 



*s 2.S* and Talve will etny safely closed without a 



latch. 

See Tig. 7 for spring details 



Analysts of Closing Time of Air safety Yalvoj 

, d2p 
° dt? “ “ 

^ore <5^ 5= angular accrsleration 

0 ss angle of valve, referenced to zero at open position (radians) 
fg s= torque on the valve, a function of 9 

1 e Hass moment of Inertia of the valve about the hingo. 



Uhea valve is open, « 55*6 lb. -in, 
When valve is closed, Tq » 21.6 - 7*72 

sr 13. gg lb, in, 

^ , so * 35.S^ X HQ k 2 . 5 ^> rad, 

55.(5 5r^.6 - 13. ss U1.72 57.3 

Then T „ 55.6 (!-£_) = 55.6 - a . 7 O 
BO A - 5 i-.L.-- 3 U_a 

dts r 



and 0 . 

dt^ Jt I 
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One po«si”blG solution 

0 s: C ^ “t ^ ^2 9in -f 

X ^ 21.7 

"t ss 0 when 0 5= 0 and w s= when Q = 0 

Then (1, « — and Cp c: 0 

^ 21.7 

*0 0 as 21*7 “ COS 

When the y&Ito is do sod, = 12J2 -. rad, 

"" 57.3 

so rr f 1 ~ COS \fsl^ "t T 

57.3 21.7 L *' 1 J 

1 - oon^2j^^ rr ,750 

Fow I := H. (22 + d^) 
g lo 



where W i* weight of the valro in Its, 

i« gravitational constant ( 5 ^ in./eec^) 

B is the valve di&Tueter (c in,) 

d i« distance froia the c.g, of the valve to the hinge 
lino ( 4,82 in.) 

I 14 (-^ + 23.25) ^ .1172 lhs.-in.-sec ,2 

386 16 * 

COP-l/ ^^* 2= C^s cos (13.6 rad.) r= .51-5 

^//72 

so the required time for closing =r f ss L-T:....vZ 52 

.515 

t « 0.485 sec. 

It is to be noted that this represents the alnlmua closing tisio, since 



the air strean will provide considerable additional closing effect 
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